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Abstract The presence of fungicides in the natural
environment, either resulting from deliberate actions or
not, has become a serious threat to many ecosystems,
including soil. This can be prevented by taking appro-
priate measures to clear the environment of organic
contamination, including fungicides. Therefore, a study
was conducted aimed at determining the effect of bio-
augmentation of soil exposed to azoxystrobin on its
degradation and activity of selected enzymes (dehydro-
genases, catalase, urease, acidic phosphatase, alkaline
phosphatase). A model experiment was conducted for
90 days on two types of soil: loamy sand (pHKCl—5.6)
and sandy loam (pHKCl—7.0), which were contaminat-
ed by azoxystrobin at 22.50 mg kg−1 DM of soil and
inoculated with a specific consortium of microorgan-
isms. Four strains of bacteria were used in the experi-
ment (Bacil lus sp. LM655314.1 , B. cereus
KC848897.1, B. weihenstephanensis KF831381.1,
B. megaterium KJ843149.1) and two strains of mould
fungi (Aphanoascus terreus AB861677.1, A. fulvescens
JN943451.1). Inoculation of soil with the consortium of
microorganisms accelerated the degradation of
azoxystrobin. The isolated microorganisms were more
active in loamy sand because within 90 days
azoxystrobin was degraded by 24% (Bacillus sp.,
B. cereus, B. weihenstephanensis, B. megaterium) to
78% (Aphanoascus terreus, A. fulvescens). In sandy
loam, azoxystrobin was degraded by 9% (Aphanoascus
terreus, A. fulvescens) to 29% (Bacillus sp., B. cereus,
B. weihenstephanensis , B. megaterium and
Aphanoascus terreus, A. fulvescens). The activity of soil
enzymes was also changed as a result of inoculation of
soil with microorganisms. The activity of all of the
enzymes under study was found to have increased when
soil augmentation was performed.
Keywords Azoxystrobin . Soil . Bioaugmentation .
Microorganisms . Degradation . Enzymes
1 Introduction
Fungicides are organic contaminants which have
received considerable attention due to their presence
in different ecosystems. Depending on the type of
compound and the environmental factors, their de-
composition occurs at varying rates and the interme-
diate products can pose a greater threat to living
organisms (Cooper and Dobson 2007). Joly et al.
(2015) reported that some soil properties, i.e. pH,
moisture content, structure, and content of organic
matter, can directly affect the bioavailability of the
substances and, in effect, their degradation. In a
biological sense, a chemical compound is bioavail-
able when it can be taken up by an organism or
when it can cause a toxic effect. On the other hand,
from a chemical perspective, a substance is bioavail-
able if, in a specific environmental conditions and
during a specific time, it is desorbed from soil to soil
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solution (Semple et al. 2003). Sorption of fungicides
by silty and mineral soil fractions is one the of most
important processes which affect the bioavailability
of fungicides (Joly et al. 2015). Some fungicides can
be bound strongly by soil, which prevents their
desorption and decreases their bioavailability
(Adettutu et al. 2008). Due to the seasonality of
fungicidal diseases, fungicides can be used several
times during one growing period in one area. Con-
tinual and regular application of fungicides can con-
tribute to their accumulation in soil, which results in
negative changes in the functions of the ecosystem
(Damalas et al. 2006; Jastrzębska and Kucharski
2007). This can manifest itself by a decrease in the
number and biodiversity of microorganisms and, in
consequence, their biological activity (Baćmaga
et al. 2015). However, some microorganisms can
become considerably resistant to such agents by
developing appropriate mechanisms. They develop
such resistance by exchange of their genetic material
and by mutations and selection. Microorganisms
with such features are effective in the degradation
of pesticides in soil, owing to which they can be
used in the bioremediation of areas heavily contam-
inated with fungicides (Komárek et al. 2010). Mi-
croorganisms which are adapted to adverse environ-
mental conditions are able to neutralise such chem-
ical substances by using them as a source of con-
struction and energy substrates (Ahemad and Khan
2012; Cea et al. 2010). Transformation of pesticides
catalysed by enzymes produced by living organisms
takes place and results in changes in their structure
and toxicological properties (Vryzas et al. 2012).
Bioaugmentation is one of the most common tech-
niques used in clearing the soil environment of
different types of contaminants. It involves introduc-
ing to the soil specialised autochtonic or allochtonic
microorganisms to remove organic compounds re-
sistant to degradation (Zhao et al. 2009). To make
bioaugmentation effective, such microorganisms
must be able to transform specific compounds (Ma
et al. 2015). Moreover, bioaugmentation of soil with
a consortium of microorganisms is more effective in
the decomposition of fungicides than using single
strains (Zhang et al. 2012). Microbiological decom-
position of fungicides is regarded as one of the main
processes which determines what happens to them in
the environment. Using microorganisms in detoxica-
tion and degradation of organic contaminants is
increasingly often used in bioremediation of soil
contaminated by pesticides (Singh et al. 2006). Ac-
cording to Clinton et al. (2011), the most significant
role in the transformation of fungicides, including
representatives of strobilurin group, is assigned to
soil microorganisms. Therefore, some fungicide deg-
radation products may constitute a good energetic
substrate for soil microorganisms, which leads to
their increased numbers and activity and further
improves soil biological properties.
Therefore, the aim of this study was to evaluate the
degradation potential of microorganisms isolated from
soil contaminated with azoxystrobin in the process of
bioremediation of soil exposed to this fungicide. The
effect of bioaugmentation on the soil microbiome was
also analysed, based on the basis of the activity and
resistance of soil enzymes.
2 Material and Experimental Methods
2.1 Experimental Design and Procedure
The experiment was conducted under laboratory con-
ditions. Since the type of soil is of considerable
importance in the pesticide degradation process (in-
cluding fungicides and bioremediation), two soils
with different granulometric composition and physi-
cochemical properties were used (loamy sand and
sandy loam). One hundred grams of air-dry soil was
weighed and transferred to 150 cm3 beakers. Aque-
ous emulsion of azoxystrobin at 22.50 mg kg−1 DM
of soil was added in three replications to each beaker
with soil. Azoxystrobin was added to the soil as
Amistar 250 SC formula. Subsequently, the soil was
inoculated with an appropriate consortium of micro-
organisms by adding 1 cm3 of microorganisms sus-
pension, which gave 109 of cells kg−1 DM of soil. In
the case of bacteria: Bacillus sp. LM655314.1 con-
stituted 22%; B. cereus KC848897.1 constituted
29%, B. weihenstephanensis KF831381.1 constituted
25%, B. megaterium KJ843149.1–24%, whereas in
the case of fungi: Aphanoascus terreus, AB861677.1
constituted 55% and A. fulvescens JN943451.1 con-
stituted 45%. In the case of application of bacterial
and fungal consortium, bacteria constituted 56%,
while fungi 44%. Soil without the fungicide and a
consortium of microorganisms was used as a control.
The soil was mixed thoroughly, brought to 50% of
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capillary water capacity with sterile demineralised
water and subsequently incubated at a constant tem-
perature (25 °C) for 90 days. The moisture content in
the soil samples was kept at the same level through-
out the incubation period and evaporating water was
made up regularly. After 90 days of the experiment,
residues of azoxystrobin and the activity of soil en-
zymes were determined in soil samples. The follow-
ing combinations were prepared in the experiment:
(1) control (soil with no fungicide or consortium of
microorganisms), (2) soil with azoxystrobin, (3) soil
with azoxystrobin and consortium of bacteria, (4) soil
with azoxystrobin and consortium of fungi, and (5)
soil with azoxystrobin and consortium of bacteria and
fungi.
2.2 Characteristics of the Soil Material
Laboratory tests were carried out on two soils classi-
fied as Eutric Cambisols (WRBSR World Reference
Base of Soil Resources 2014), which—according to
their granulation—can be classified as loamy sand
and sandy loam. The soils are characterised in Ta-
ble 1. The soils were collected from the arable humic
level (depth 0–20 cm) on land owned by the Teaching
and Experimental Station in Tomaszkowo near Olsz-
tyn (north-east of Poland, 53.71610 N, 20.41670 E).
Before the experiment was set up, the following were
determined: granulometric composition of the soils
(particle size was determined with a Mastersizer 2000
laser metre), pH, hydrolytic acidity, total exchange-
able bases, organic carbon and total nitrogen by the
procedure described in the paper by Carter and
Gregorich (1993) and the content of exchangeable
cations (K+, Na+, Ca2+, Mg2+) by the method de-
scribed by Harris (2006).
2.3 Characteristics of the Fungicide
Amistar 250 SC was manufactured by Syngenta. It is
used to control fungal diseases of crops and orna-
mental plants. The dose recommended by the manu-
facturer ranges between 0.8 and 1.0 dm3 ha−1. Its
active substance is azoxystrobin (250 g dm−3), which
is one of strobilurins. Azoxystrobin (methyl (E)-
2 - { 2 - [ 6 - ( 2 - c y a n o p h e n o x y ) p y r i m i d i n - 4 -
yloxy]phenyl}-3-methoxyacrylate) is a highly active
antifungal agent which inhibits mitochondrial respi-
ration (Adettutu et al. 2008). The half-life of
azoxystrobin in soil can range from 14 days to
6 months (Rodrigues et al. 2013).
2.4 Preparation of Microorganism Inoculums
This study employed strains of microorganisms
which were isolated from typical brown soil contam-
inated with azoxystrobin at 22.50 mg kg−1 DM of
soil. In order to obtain pure typical colonies of mi-
croorganisms, they were cultured and then purified
by multiple passages onto microbiological media.
The bacteria were identified on the basis of the nu-
cleotide sequence from the analysis of gene 16S
rRNA, and fungi—based on an analysis of the ITS
region. A more detailed procedure of isolation and
identification of microorganisms was described in the
paper by Baćmaga et al. (2015). The microorganism
strains (Bacillus sp. LM655314.1, B. cereus
KC848897.1, B. weihenstephanensis KF831381.1,
B. megaterium KJ843149.1, Aphanoascus terreus
AB861677.1, A. fulvescens JN943451.1), whose
growth is the most intensive in soil contaminated
with azoxystrobin, were used in soil bioaugmenta-
tion. Suspension of microorganisms was obtained by
transferring the isolates with 0.85% NaCl onto sterile
microbiological media. The microorganisms were
subsequently multiplied in an INE 200–800
Table 1 Characteristics of soils used in the experiment
Parametr Loamy sand (ls) Sandy loam (sl)
sand (2000–50 μm) % 80.50 69.41
silt (50–2 μm) % 18.00 17.03
clay (<2 μm) % 1.50 13.56
pHKCl 5.60 7.00
HAC (mmol(+) kg−1) 18.66 6.40










pHKCl—soil reaction, HAC—hydrolytic acidity, TEB—sum of
exchangeable bases, Corg—organic carbon content, Ntotal—total
nitrogen content, content of exchangeable cations: K+ , Na+ ,
Ca2+ , Mg2+
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incubator manufactured by Memmert Perfect at a
constant temperature of 28 °C for 72 h. The bacteria
were cultured on the PCA medium and the mould
fungi were cultured on the Sabourauda medium. The
composition of the media used in the study was
presented in the paper by Baćmaga et al. (2015).
2.5 Analysis of Azoxystrobin Residue in Soil
Azoxystrobin residue in soil was determined by the
method described in the paper by Łozowicka et al.
(2016). The chemical analyses were carried out with
an Agilent 7890A gas chromatographic unit (Santa
Clara, California, USA). Data processing was effected
with Chemstation software (Hewlett-Packard, version
A.10.2). Fungicide residue was determined by compar-
ing the retention between soil samples and applicable
standards.
2.6 Determination of Activity and Resistance of Soil
Enzymes
Enzymatic analyses (in three replications) were carried
out after 90 days of incubation. The activity of five soil
enzymes was determined: dehydrogenases (Öhlinger
1996), catalase and urease (Alef and Nannipieri 1998)
as well as acidic phosphatase and alkaline phosphatase
(Alef et al. 1998). A detailed methodology of determin-
ing the soil enzyme activity was given in the paper by
Kucharski et al. (2016). The activity of the enzymes
mentioned above was used to determine their resistance
index (RS) for contamination with azoxystrobin of soils
in which bioaugmentation was performed by the meth-
od described by Orwin and Wardle (2004).
2.7 Statistical Analyses of Results
The results were worked out by an analysis of variance
ANOVA (p = 0.01) with Statistica 12.5 software
(StatSoft, Inc. Statsoft and Statistica 2015). Homoge-
neous groups were identified with a two-way analysis of
variance ANOVA using Tukey’s range test at the signif-
icance level of p = 0.01. The resistance of enzymes in
soil contaminated with azoxystrobin was analysed by
means of the principal component analysis (PCA) with
multi-dimensional exploration techniques. The percent-
age share of observable variability was calculated using
the η2 index with the ANOVAvariance analysis method
at p = 0.01.
3 Results and Discussion
3.1 Biodegradation of Azoxystrobin in Soil
Microbiological degradation is one of the main process-
es by which fungicides diminish in soil. Even the most
stable compounds are transformed by microorganisms
to less-toxic forms (Bending et al. 2007). According to
Castillo et al. (2006), degradation of pesticides is a
multi-stage process, which is effected by a consortia of
microorganisms, i.e. by enzymes produced by such
microorganisms. The microorganisms isolated from soil
contaminated with azoxystrobin in this study had a high
degradation potential compared to the fungicide. Their
degradation capacity largely depended on the type of
soil as well as on the consortium of microorganisms
applied. The statistical analysis of the effect of the
observable variability factors η2 (Table 2) found that
the type of the applied microorganism consortium had
the greatest effect on the rate of azoxystorbin degrada-
tion in the soil (45%), while the type of used soil
modified this rate to a lesser degree (20%). Degradation
of azoxystrobin was faster in soil inoculated with mi-
croorganisms than in non-inoculated soil (Fig. 1). Dur-
ing the 90 days of the experiment, azoxystrobin 45%
was degraded in soil without the inoculum both in
loamy sand and in sandy loam. This may have been
caused by inhibition by azoxystrobin of the activity of
microorganisms which naturally occur in soil. The
highest potential for degradation of azoxystrobin in
loamy sand was shown by fungi, which degraded it by
88%. On the other hand, transformation of azoxystrobin
in sandy loam was the fastest when a consortium of
bacteria and fungi was added (degradation of
azoxystrobin at 61%). Considering the type of soil, it
was shown that the effect of bioaugmentation was great-
er in loamy sand. Adding a mixture of microorganisms
to this soil resulted in faster degradation of azoxystrobin.
Soils containing less organic matter and silty fractions
can adsorb fewer pesticides on soil colloids, which
makes the preparations more available to microorgan-
isms (Adettutu et al. 2008). Singh et al. (2006) reported
that inoculation of soil with Enterobacter asburiaeB-14
accelera ted degradat ion of fenamiphos and
chlorpyriphos. Ahmad et al. (2012) carried out a study
with chlorpyriphos and introduced the strain of Bacillus
pumilus C2A1 to soil. Inoculation of soil with these
bacteria had a beneficial effect on degradation of the
tested insecticide and production of plant biomass. The
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microorganisms degraded chlorpyriphos by 97% over
45 days. These results were similar to the findings of
Abd-Alrahman and Salem-Bekhit (2013) who used a
strain of Psedomonas alcaligens bacteria to degrade
butachlor. They showed that this bacteria degraded
butachlor (50mg kg−1 DMof soil) by 75% over 21 days.
Sankaran et al. (2010) reported that mould fungi are
very effective in eliminating pesticides. This results
from their high species diversity, resistance to contam-
ination and ability to produce enzymes which take part
in degradation of the compounds. According to the
report by Ma et al. (2015), fungi can grow in extreme
environmental conditions (e.g. changes of temperature,
humidity and pH of soil as well as nutrient depletion),
owing to which they can play a huge role in eliminating
organic contamination, including fungicides. Bhalerao
(2012) showed the strain of Aspergillus niger ARIFCC
1053 to be highly effective in the degradation of
endosulphane. Furthermore, a study carried out by
Abd-Alrahman and Salem-Bekhit (2013) revealed that
Trichoderma viride degraded butachlor by 98% over
15 days. An earlier study by Kodama et al. (2001)
showed that the strain of Penicilium steckii DS6F de-
graded simazine applied at 25 and 50 mg dm−3 by 53%
during 5 days. In this study, bioaugmentation of soil
with selected strains of microorganisms also contributed
to an increase in the degradation of azoxystrobin, its
degradation also depended largely on the type of soil
and the inoculum applied.
3.2 Activity of Enzymes and their Resistance
to Azoxystrobin
In order to reduce the adverse effect of pesticides on the
environment, microorganisms are used increasingly of-
ten in degradation and detoxication of such contami-
nants. It is noteworthy that microorganisms can adapt to
extreme conditions and they can produce enzymes
which participate in the transformation of pesticides
(Cea et al. 2010; Komárek et al. 2010). Soil is a reservoir
of a large amount of enzymes and therefore it is regarded
as an indicator of microbiological activity (Baćmaga
et al. 2015; Kucharski et al. 2016). Enzymes which
indicate soil quality include oxydoreductases and hy-
drolases due to their participation in a range of biochem-
ical reactions which take place in the environment
(Mayanglambam et al. 2005). Soil enzyme activity
was modified by both the soil type and the applied
microorganism consortium. However, the type of soil
had a greater effect on enzyme activity since the per-
centage share of the observable variability was from 78
to 89% (Table 2). This is why the effect of bioaugmen-
tation on soil contaminated with azoxystrobin on the
activity of selected enzymes was assessed. In this study,
inoculation of soil with isolated strains of microorgan-
isms caused changes in the activity of soil enzymes
(Table 3). Both in loamy sand and in sandy loam, the
activity of catalase increased in soil contaminated with
azoxystrobin inoculated with microorganisms compared
to the soil with the contaminant but without the micro-
organisms. The greatest effect was observed in loamy
sand. The activity of dehydrogenases in loamy sand in
which the consortium of bacteria was applied increased
by 44% compared to the soil with no azoxystrobin
contamination and it increased by 15% in sandy loam.
It was noted that the activity of urease increased by as
much as 75% compared to the soil contaminated with
azoxystrobin in loamy sand after the consortium of
bacteria was introduced. The activity of urease in sandy
loam was the highest after it was inoculated with a
consortium of bacteria and fungi (an increase in urease
activity by 49%). The effect of microorganisms in the
case of phosphatases varied. The activity of acidic phos-
phatase increased by 5.9% in loamy sand in which a
consortium of bacteria and fungi was applied compared
to the soil contaminated with azoxystrobin, and it in-
creased by 8% in sandy loam after inoculation with
bacteria. Inoculation of loamy sand with a mixture of
fungi (Aphanoascus terreus and A. fulvescens) resulted
in a twofold increase in the activity of alkaline phospha-
tase compared to soil with no addition of the microor-
ganisms. In turn, the activity of alkaline phosphatase in
sandy loam increased by 9% after introducing bacteria
(Bacillus sp., B. cereus, B. weihenstephanensis,
B. megaterium). It can be concluded from the increase
in the activity of soil enzymes that the consortia of
Table 2 Percentage share of factors for observable variability η2
Factors Deh Cat Ure Pac Pal DA
TS 88.19 78.12 75.38 89.21 85.41 20.31
TM 9.658 15.34 19.23 6.291 11.79 45.41
TS · TM 2.026 6.385 3.880 3.591 2.475 34.19
Error 0.126 0.155 1.510 0.908 0.325 0.090
TS—type of soil, TM—type of microorganism consortium,
Deh—dehydrogenases, Cat—catalase, Ure—urease, Pac—acid
phosphatase, Pal—alkaline phosphatase, DA—degradation of
azoxystrobin
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microorganisms introduced to soil with an addition of
azoxystrobin adapted easily to the environment. An
increase in the activity of soil enzymes may have also
resulted from an increased rate of the fungicide
mineralisation after the soil was inoculated with the
consortium of microorganisms. Products of pesticide
degradation are frequently absorbed by soil microorgan-
isms and used as nutrients (Hussain et al. 2009), which
may have stimulated microorganism multiplication in
this study and, consequently, increased the soil enzy-
matic activity. An increase in the activity of soil en-
zymes can be attributed to changes in the microorgan-
ism community, which contributed to neutralisation of
the negative impact of azoxystrobin on the biochemical
properties of soil. Determination of the enzymatic activ-
ity helped to assess the effect of bioaugmentation of soil
contaminated with azoxystrobin. Bhalerao (2012)
assessed the effect of inoculation with Aspergillus niger
ARIFCC 1053 of soil exposed to endosulphan by mon-
itoring changes in the activity of dehydrogenases and
arylsulphatase. As in this study, inoculation of soil with
microorganisms contributed to an increase in the activity
of the enzymes under study. This study also determined
the resistance of enzymes to contamination with
azoxystrobin of soil inoculated with microorganisms
(Fig. 2). The values suggest that the first principal com-
ponent explains 51% of the total variance and the other
explains 32%. The distances between vectors which
represent primary variables for enzymes and the cases
indicate the varied impact of inoculation of soils
exposed to azoxystrobin. Increased resistance of dehy-
drogenases, catalase, urease and alkaline phosphatase to
the formula under study was observed after the consor-
tium of fungi was introduced to loamy sand. On the
other hand, inoculation of sandy loam with the consor-
tium of bacteria increased the resistance of all of the soil
enzymes under study. The results have shown that bio-
augmentation is an effective method used in remediation
of land contaminated with fungicides.
4 Conclusions
Interest in the impact of fungicides on the natural envi-
ronment is increasing because they are commonly used.
The ability of the compounds to accumulate in the
environment and in living organisms necessitates seek-
ing different solutions and measures aimed at their ef-
fective elimination from the environment. Fungi
(Aphanoascus terreus, A. fulvescens) were the most
effective in the degradation of azoxystrobin in loamy
sand, while a combination of bacteria and fungi (Bacil-
lus sp., B. cereus, B. weihenstephanensis, B.
megaterium and Aphanoascus terreus, A. fulvescens)
degraded azoxystrobin most effectively in sandy loam.
Considering the type of soil studied, it was observed that
bioaugmentation was more effective in loamy sand than
in sandy loam. The introduction of a microorganism
consortium into soils also stimulated the activity of the
















































Fig. 1 Azoxystrobin residue in soil after bioaugmentation, mg
kg−1 DM of soil. A Azoxystrobin, B Consortium of bacteria
(Baci l lus sp. LM655314.1, B. cereus KC848897.1,
B. weihenstephanensis KF831381.1 , B. megaterium
KJ843149.1), F Consortium of fungi (Aphanoascus terreus
AB861677.1, A. fulvescens JN943451.1). Homogeneous groups
were identified by the same letters (two-way analysis of variance
ANOVA by means of Tukey’s range test at the significance level
of p = 0.01; first factor—type of soil, second factor—type of
microorganism consortium)
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enzymatic activity of soil and accelerated the degrada-
tion of azoxystrobin compared to soils with no consor-
tium of microorganisms added. In general, bioaugmen-
tation of soil creates favourable conditions for effective
elimination of azoxystrobin and alleviation of the nega-
tive effect of the substance on soil microbiome. It also
allows one to use microorganisms isolated from soil
contaminated with fungicides in the bioremediation of
















ls C 3.273de 0.079cde 0.485e 3.376ab 0.721c
A 2.456f 0.066e 0.307f 3.361ab 0.227e
AB 3.544d 0.090cd 0.537d 3.315b 0.236e
AF 3.196de 0.073de 0.443f 3.331ab 0.452d
ABF 3.108e 0.095c 0.478e 3.558a 0.132f
sl C 9.864a 0.305a 1.262b 2.593c 6.017ab
A 7.755c 0.279b 0.898c 2.183d 5.655ab
AB 8.896b 0.298a 1.280b 2.369c 6.170a
AF 7.851c 0.295ab 1.318a 2.156d 5.458b
ABF 7.875c 0.280b 1.338a 2.149d 5.953ab
ls—loamy sand, sl—sandy loam, C—soil without an addition of azoxystrobin and a microorganism consortium, A—azoxystrobin,
B—consortium of bacteria (Bacillus sp. LM655314.1, B. cereus KC848897.1, B. weihenstephanensis KF831381.1, B. megaterium
KJ843149.1), F—consortium of fungi (Aphanoascus terreus AB861677.1, A. fulvescens JN943451.1). The same letters for an enzyme in
columns are assigned to the same homogeneous groups (two-way analysis of variance ANOVA by means of Tukey’s range test at the
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Fig. 2 Effect of bioaugmentation
on soil contaminated with
azoxystrobin on the index
resistance of enzymes. ls—loamy
sand, sl—sandy loam, A
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soils exposed to strobilurin fungicides, e.g. azoxystrobin.
Finally, bioaugmentation of soils contaminated with
azoxystrobin is an effective measure which improves soil
microbiological properties.
Acknowledgments Scientific research was financed by the
Ministry of Science and Higher Education funds for statutory
activity.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.
References
Abd-Alrahman, S. H., & Salem-Bekhit, M. M. (2013). Microbial
biodegradation of butachlor pollution (obsolete pesticide
Machete 60% EC). African Journal of Microbiology
Research, 7(4), 330–335.
Adettutu, E. M., Ball, A. S., & Osborn, A. M. (2008).
Azoxystrobin and soil interactions: degradation and impact
on soil bacterial and fungal communities. Journal of Applied
Microbiology, 105, 1777–1790. See comment in PubMed
Commons below.
Ahemad, M., & Khan, M. S. (2012). Productivity of greengram in
tebuconazole-stressed soil, by using a tolerant and plant
growth-promoting Bradyrhizobium sp. MRM6 strain. Acta
Physiologiae Plantarum, 34, 245–254.
Ahmad, F., Iqbal, S., Anwar, S., Afzal, M., Islam, E., Mustafa, T.,
&Khan, Q.M. (2012). Enhanced remediation of chlorpyrifos
from soil using ryegrass (Lollium multiflorum) and
chlorpyrifos-degrading bacterium Bacillus pumilus C2A1.
Journal of Hazardous Materials, 237–238, 110–115.
Alef, K., & Nannipieri, P. (1998). Methods in applied soil micro-
biology and biochemistry. In K. Alef & P. Nannipieri (Eds.),
Academic Press, Harcourt Brace&Company (pp. 316–365).
Publishers: London.
Alef, K., Nannipieri, P., & Trazar-Capeda, C. (1998). Phosphatase
activity in: methods in applied soil microbiology and bio-
chemistry. In K. Alef & P. Nannipieri (Eds.), Academic Press
Harcourt Brace & Company (pp. 335–344). Publishers:
London.
Baćmaga, M., Kucharski, J., &Wyszkowska, J. (2015). Microbial
and enzymatic activity of soil contaminated with
azoxystrobin. Environmental Monitoring and Assessment,
187, 615.
Bending, G. D., Rodriguez-Cruz, M. S., & Lincoln, S. D. (2007).
Fungicide impacts on microbial communities in soils with
contrasting management histories. Chemosphere, 69, 82–88.
Bhalerao, T. S. (2012). Bioremediation of endosulfan-
contaminated soil by using bioaugmentation treatment of
fungal inoculant Aspergillus niger. Turkish Journal of
Biology, 35, 561–567.
Carter, M. R., & Gregorich, E. G. (1993). Soil sampling and
methods of analysis. Canadian Society of Soil Science (p.
737). London: Lewis Publishers.
Castillo, M. A., Felis, N., Aragon, P., Cuesta, G., & Sabater, C.
(2006). Biodegradation of the herbicide diuron by strepto-
mycetes isolated from soil. International Biodeterioration
and Biodegradation, 58, 196–202.
Cea, M., Jorquera, M., Runilar, O., Langer, H., Tortella, G., &
Diez, M. C. (2010). Bioremediation of soil contaminated
with pentachlorophenol by Anthracophyllum discolor and
its effect on soil microbial community. Journal of
Hazardous Materials, 181, 315–323.
Clinton, B., Warden, A. C., Haboury, S., Easton, C. J., Kotsonis,
S., Taylor, M. C., Oakeshott, J. G., Russel, C., & Scott, R. J.
(2011). Bacterial degradation of strobilurin fungicides: a role
for a promiscuous methyl esterase activity of the subtilisin
proteases? Biocatalysis and Biotransformation, 29(4), 1–11.
Cooper, J., & Dobson, H. (2007). The benefits of pesticides to
mankind and the environment. Crop Protection, 26(9),
1337–1348.
Damalas, C. A., Georgiou, E. B., & Theodorou, M. G. (2006).
Pesticide use and safety practices among Greek tobacco
farmers: a survey. International Journal of Environmental
Health Research, 16(5), 339–348.
Harris, D. C. (2006). Quantitative chemical analysis. Michelson
Laboratory Chine Lake USA (p. 828). WH Freeman and
Company 7th edition, 1008.
Hussain, S., Siddique, T., Saleem, M., Arshad, M., & Khalid, A.
(2009). Impact of pesticides on soil microbial diversity, en-
zymes, and biochemical reactions. Advenses in Agronomy,
102(1), 159–200.
Jastrzębska, E., & Kucharski, J. (2007). Dehydrogenases, urease
and phosphatases activities of soil contaminated with fungi-
cides. Plant, Soil and Environment, 53(2), 51–57.
Joly, P., Bonnemoy, F., Besse-Hoggan, P., Perrière, F., Crouzet, O.,
Cheviron, N., & Mallet, C. (2015). Responses of limagne
Bclay/organic matter-rich^ soil microbial communities to
realistic formulated herbicide mixtures, including s-
metolachlor, mesotrione, and nicosulfuron. Water Air and
Soil Pollut, 226, 413.
Kodama, T., Ding, L., Yoshida, M., & Yajima, M. (2001).
Biodegradation of an s-triazine herbicide, simazine. Journal
of Molecular Catalysis B: Enzymatic, 11, 1073–1078.
Komárek, M., Cadkova, E., Chrastny, V., Bordas, F., & Bollinger,
J. C. (2010). Contamination of vineyard soils with fungi-
cides: a review of environmental and toxicological aspects.
Environment International, 36, 138–15.
Kucharski, J., Tomkiel, M., Baćmaga, M., Borowik, A., &
Wyszkowska, J. (2016). Enzyme activity and microorgan-
isms diversity in soil contaminated with the Boreal 58 WG
herbicide. Journal of Environmental Science and Health.
Part. B, 51(7), 446–454.
Łozowicka, B., Kaczyński, P., Wolejko, E., Piekutin, J., Sagitov,
A., Toleubayev, K., Isenova, G., & Abzeitova, E. (2016).
Evaluation of organochlorine pesticide residues in soil and
plants from East Europe and Central Asia. Desalination and
Water Treatment, 57, 1310–1321.
Ma, X., Ding, N., & Peterson, E. C. (2015). Bioaugmentation of
soil contaminated with high-level crude oil through inocula-
tion with mixed cultures including Acremonium sp.
Biodegradation, 26, 259–269.
19 Page 8 of 9 Water Air Soil Pollut (2017) 228: 19
Mayanglambam, T., Vig, K., & Singh, D. K. (2005). Quinalphos
persistence and leaching under field conditions and effects of
residues on dehydrogenase and alkaline phosphomonoester-
ases activities in soil. Bulletin of Environmental
Contamination and Toxicology, 75, 1067–1076.
Öhlinger, R. (1996). Dehydrogenase activity with the Substrate
TTC. In F. Schinner, R. Öhlinger, E. Kandler, & R. Margesin
(Eds.), Methods in soil biology (pp. 241–243). Berlin:
Springer Verlag.
Orwin, K. H., & Wardle, D. A. (2004). New indices for quantify-
ing the resistance and resilience of soil biota to exogenous
disturbance. Soil Biology and Biochemistry, 36, 1907–1912.
Rodrigues, E. T., Lopes, I., & Pardal, M. Â. (2013). Occurrence
fate and effects of azoxystrobin in aquatic ecosystems: a
review. Environment International, 53, 18–28.
Sankaran, S., Khanal, S. K., Jasti, N., Jin, B., Pometto, A. L., &
van Leeuwen, J. (2010). Use of filamentous ungi for waste-
water treatment and production of high value fungal by
products: a review. Critical Reviews in Environmental
Science and Technology, 40, 400–449.
Semple, K. T., Morriss, A. W. J., & Paton, G. I. (2003).
Bioavailability of hydrophobic organic contaminants in soils:
fundamental concepts and techniques for analysis. European
Journal of Soil Science, 54, 809–818.
Singh, B. K., Walker, A., Denis, J., & Wright, D. J. (2006).
Bioremedial potential of fenamiphos and chlorpyrifos
degrading isolates: influence of different environmental
conditions. Soil Biology and Biochemistry, 38, 2682–
2693.
Statsoft, Inc, Statistica. (2015). Data analysis software system,
version 12.5. www.statsoft.com.
Vryzas, Z., Papadakis, E. N., Oriakli, K., Moysiadis, T. P., &
Papadopoulou-Mourkidou, E. (2012). Biotransformation
of atrazine and metolachlor within soil profile and
changes in microbial communities. Chemosphere, 89,
1330–1338.
World Reference Base of Soil Resources. (2014). International
soil classification system for naming soils and creating leg-
ends for soil maps (World Soils Resources Raports 106).
Rome, Italy: FAO.
Zhang, Y., Meng, D., Wang, Z., Guo, H., Wang, Y., Wang, X., &
Dong, X. (2012). Oxidative stress response in atrazine-
degrading bacteria exposed to atrazine. Journal of
Hazardous Materials, 229–230.
Zhao, S., Ramette, A. N. G., Liu, H., & Zhou, N. (2009). Effects of
nitrobenzene contamination and of bioaugmentation on nitri-
fication and ammonia-oxidizing bacteria in soil. FEMS
Microbiology Ecology, 70, 315–323.
Water Air Soil Pollut (2017) 228: 19 Page 9 of 9 19
